















Considering a Lagrangian stochastic particle dispersionmodel and diffusion experiments, two turbulence
parameterizationshavebeentested.TheparametersobtainedfromtheTaylorturbulenceparameterization
are derived from observed spectral properties and characteristics of energy containing eddies. Taylor
turbulenceschemeprovidescontinuousvaluesfortheturbulentparametersintheplanetaryboundarylayer.
Hanna turbulence parameterization is obtained from theoretical considerations and second–order closure
models and it does not provide continuous vertical profiles for the turbulent parameters. The predicted
valuesbyaLagrangiandiffusionmodelutilizingTaylorturbulenceparameterizationandtheHannaturbulence





















employed to simulate continentaland regional scaleairpollution
transport. Generally, two approaches are used to numerically
reproduce air pollution turbulent diffusion: Eulerian and
Lagrangianrepresentations. InaLagrangiananalysisonefollowsa






airparcelsand thedispersionof contaminants,are controlledby
theadvectionprocessescausedbytheactionofstochasticvelocity
fluctuations in time and space. Therefore, Lagrangian Stochastic
Particle Models are powerful computational tools for the
investigation of the atmospheric dispersion process. In these
models,thefluidparticledisplacementsareproducedbystochastic
velocities and the movement evolution of a particle can be
considered a Markov process in which past and future are
statistically independentwhenthepresent isknown.Thismethod
is based on Langevin equation, which is derived from the
hypothesis that the velocity is given by the combination of a
deterministictermandastochasticone.Eachfluidparticlemoves
taking intoaccount the transportdue to themeanwind velocity
andtheturbulentfluctuationsofthewindvelocitycomponents.It
is possible to determine the contaminant concentrations conͲ
sidering the spatial distribution of the particles. The impleͲ
mentationof the Lagrangian stochasticdispersionmodelpermits
to take into account complex situations such as the presence of
different topographies, low wind velocities and spatial and
temporal variations of themeteorological fields (Carvalho et al.,
2002).Thesemodelscan simulate sourcesofdifferent formsand
dimensions as well as continuous, variable in time, and
instantaneous sources. In order to better understand these
models, we suggest the important review paper byWilson and
Sawford(1996).Thisworkpresentshistoricalandbasicdescription
of Lagrangian stochastic dispersion models in the planetary
boundarylayer(PBL).

This research aimed to compare two turbulence parameͲ
terizations that can be employed in Lagrangian stochastic
dispersionmodels to describe the dispersion in a PBL in which
turbulence is generated by shear and buoyancy driven
mechanisms. The first turbulence parameterization employed in
this work was developed by Hanna (1982) (Hanna turbulence
parameterization),while thesecondonewasderivedbyDegrazia
etal.(2000)and isbasedontheTaylorstatisticaldiffusiontheory
using the turbulent velocity spectra (Taylor turbulence
parameterization).Ground level concentrationsmeasured during
PrairieGrassandCopenhagen tracerdispersion fieldexperiments
are used to evaluate the predictions of a Lagrangian dispersion









three–dimensional formof theLangevinequation fortherandom
velocity (Thomson, 1987). The velocity and the displacement of
eachparticlearegivenbythefollowingequations(Rodean,1996):





 i i idx U u dt   (2)

where i, j = 1,2,3, xG  is the displacement vector,U is themean
windvelocityvector, uG  istheLagrangianvelocityvector (velocity
of a fluid particle associated to turbulent velocity fluctuation), , ,ia x u t dtG G  is a deterministic term and    , , ,i j jb x u t dW tG G  is a




integralofthe“whitenoise”,  t[ .  t[  isastationaryGaussian
stochastic process with constant spectral density on the real
frequency axis. Thomson considered the Fokker–Planck equation
(Rodean,1996)asEuleriancomplementof theLangevinequation
to obtain the deterministic coefficient  , ,ia x u tG G . The stationary
Fokker–Planckequationisgivenas:

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
where  , ,EP x u tG G is the non–conditional PDF of the Eulerian
velocity fluctuations and the other symbols have the same
definitionsasinEquations(1)and(2).Thedeterministiccoefficient , ,ia x u tG G isobtainedfrom:

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
While in the twohorizontaldirections the EP isconsidered to
beGaussianintheverticaldirectionthePDFisassumedtobenon–
Gaussian (to dealwith non–uniform turbulent conditions and/or
convection). In this latter case, two different approaches can be
adopted in order to calculate the Fokker–Planck equation: a bi–
Gaussianone, truncated to the thirdorder,andaGram–Charlier
one, truncated to the thirdor to the fourthorder (Anfossietal.,
1997;FerreroandAnfossi,1998a;FerreroandAnfossi,1998b).The
bi–Gaussian PDF is given by the linear combination of two
Gaussians (Baerentsen and Berkowicz, 1984) and the Gram–
Charlier PDF is a particular type of expansion that uses
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
whereC0 istheKolmogorovconstant(between2and7)(Rodean,
1994;Degrazia andAnfossi, 1998) and  ,x tH  is the ensemble–
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
Then, from the Equations (8) and (9), it is possible to show
that  , ,ijb x u tG G isrelatedtoC0inthefollowingway:





in stochastic Lagrangian models of turbulent diffusion. On the









VH W  (11)

Therefore, 0C H  can be substituted by 22 /i LiV W ,










calculated and related to the current understanding of the PBL.





It is possible to relate turbulent parameters (wind velocity
standarddeviationsV i (i=u,v,w)andLagrangiandecorrelation
timescales LiW )tospectraldistributionofturbulentkineticenergy
(TKE). Following this approach, Degrazia et al. (2000) developed
expressions for the wind velocity variances and Lagrangian
decorrelation time scales. The velocity variances were obtained
directly from the integration of the turbulence velocity spectra







shear buoyancy PBL spectra aremodeled bymeans of a linear
combinationoftheconvectiveandmechanicalturbulentenergy.In
thisparameterization,thebuoyantandmechanicalwindturbulent
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
where w  is the convective velocity scale, H<  is the non–
dimensional dissipation rate function, iz  is the convective
boundary layer (CBL) height, z  is the height above the surface,
 cm
i
f   is the reduced frequencyof the convective spectralpeak,
u  is the friction velocity, H)  is the dissipation rate function





Equations (12) and (13),   2/32i i uc kD D S   and 0.5 0.05uD  r 
and 4 41, ,
3 3i
D   for ,u v  and w  components, respectively
(Champagne et al., 1977; Sorbjan, 1989). 0.4k   is the von
Karmanconstant.

On theotherhand, the Lagrangiandecorrelation time scales
areprovidedbythefollowingexpression:

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
where L is the Monin–Obukhov length and –L/zi=0.01 is an
averagestabilityparameterfortheCBL.

To construct thewind velocity variances and the Lagrangian
decorrelationtimescalesfromEquations(12),(13)and(14)forPBL
Lagrangiandispersionmodels, it isnecessary tohaveexpressions
for w , u , H\ , HI ,  cm
i
f   and  n sm
i
f
 . For a convective PBL,
 2/3 0.75H\ | (WilsonandSawford,1997),    1/30 /iw u z kL  
, where  0u is the surface friction velocity, and recalling that
   /cm m iif z O  , and that  m iO is the peakwavelength of the
turbulentvelocityspectra,  cm
i
f  expressionsfor , ,i u v w canbe
derived.
According to Kaimal et al. (1976), Caughey (1982) and
DegraziaandAnfossi(1998):
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with 1.5u vB B  and,
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
For a neutral or stable PBL HI  can be written as
 1 3,7 /n zH HI I  /  (Sorbjan, 1989), where 1.25nHI   and
  1 21.51 /L z h D D/   isthelocalMonin–Obukhovlengthwith h
defined as the stable PBL height. For a shear dominated stable
boundary layer 1 1.5D   and 2 1.0D   (Nieuwstadt, 1984).
Furthermore,foraneutralorstablePBL,     12 2
0
1 /u u z h D   in
which 1 1.7D  fortheneutralcase(Wyngaardetal.,1974).Then,
following Stull (1988) and Sorbjan (1989), and by considering
 0 / 0.03u G  Hanna(1982)itfollowsthat:

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f   isthe frequencyofthespectralpeak inthesurface
for neutral conditions, G is the geostrophic wind speed and
4 110cf s
   is theCoriolisparameter.According toOlesenetal.
(1984) and Sorbjan (1989),   0.045nm
us
f  ,   0.16nm vsf   and
  0.33nm wsf  . Furthermore, 500wa   Hanna (1968), Hanna
(1982); as a consequence of the Blackadar (1962)mixing length
hypothesis (i.e., the asymptotic length scale / cl G ff |  is limited
by a constant value, equal for all the components) we found
3 889ua  and 1 094va  .

It is important to notice that Taylor’s turbulence parameͲ







et al., 1976, 1982; Hanna, 1982), theoretical considerations
(Panofsky et al., 1977; Irwin, 1979) and second–order closure
 Moreiraetal.–AtmosphericPollutionResearch2(2011)384Ͳ393 387
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turbulence parameterization was tested using the ground–level
concentrationsmeasured in the Prairie Grass (Barad, 1958) and
Copenhagen(GryningandLyck,1984)experiments.Itisimportant
to notice that the Prairie Grass dispersion experiments were
accomplished inhorizontallyhomogeneousconditions,presenting
aroughnesslengthof0.6cm.Ontheotherhand,theCopenhagen













(12), (13)and (14) (TaylorTurbulenceParameterization),and the
Equations (20–33) (Hanna Turbulence Parameterization). Wind
speed profile has been parameterized following the similarity
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observedmixing height. The time stepwas kept constant and it
wasobtainedaccordingtothevalueoftheLagrangian
decorrelationtimescale  /Lit cW'  ,where LiW mustbethe
smallervaluebetween LuW , LvW , LwW andcisanempirical
coefficientsetequalto10.Onehundredparticleswerereleasedin
each time step during 1000 time steps. The simulated
concentrations are obtained from the space distribution of
fictitiousparticlesataparticulartime(AnfossiandCastelli,2009).
Themodelperformance employing Taylor andHanna turbulence
parameterization is shown in Figures 1, 2 and Table 1. Figures 1
(Taylor turbulence parameterization) and 2 (Hanna turbulence
parameterization) show the scatter diagram between observed
and predicted ground–level peak concentration for the Prairie
Grassdataset.

Table 1. Statistical indexes for peak concentrations for the Prairie Grass
experimentusingbothparameterizations
 NMSE R FA2 FB FS
Taylorparameterization 0.80 0.945 0.910 0.221 0.457




for the Prairie Grass experiment. The statistical indexes are the
following(Hanna1989);

NormalizedMeanSquareError:  2o p o PNMSE C C C C  
FractionalBias:     0.5o p o pFB C C C C   
FractionalVariance:    2 o p o pFS V V V V   
CorrelationCoefficient:   o o p p o pR C C C C V V   
Factorof2: 2 0.5 2o pFA C C d d 

whereCistheanalyzedamountandthesubscript"o"and"p"refer
to observed and predicted quantities, respectively, the over bar
indicates an averaged value. The statistical index FB says if the
predictedquantityunderestimatesoroverestimatestheobserved
ones.Thestatistical indexNMSErepresentsthequadraticerrorof
the predicted quantities related to the observed ones. The
statistical index FS indicateshow themodelgets to simulate the
dispersionoftheobserveddata.ThestatisticalindexFA2supplies
thefractionofthedatafortheoneswhich 0.5 2o pC Cd d .The
bestresultsareexpectedtohavevaluesnearzerofortheindexes
NMSE,FBandFSandnear1.0intheindexesRandFA2.Analyzing
Figure 1 and the statistical indexes in Table 1, it is possible to
notice that the Lagrangian particle model employing Taylor






the Taylor turbulence parameterization are significantly better
than those obtained with Hanna scheme. However, ten–minute
averageconcentrationsforthePrairieGrassexperimentscanbea
reasonformodeldiscrepancies.Hanna’sformulationsforVvcould
be derived from 1–hour averages, and thereforemightwork for
calculating1–houraverageconcentrations,andmight fail for10–
minuteaverages.Furthermoretoinvestigatethelateraldispersion
using the Taylor and Hanna turbulence parameterization we
simulate the lateraldispersionparameter. It is important tonote




and Taylor turbulence parameterization) and observed
(Nieuwstadt, 1980) lateral dispersion parameters for the Prairie
Grassexperiments.Comparingthestatisticalindexesitcanbeseen
that Taylor parameterization provides simulated values for the
lateral dispersion parameters better than those generated with





plotted against downwind distance for the run 20 of the Prairie
Grassexperiment.Therefore, inthis figure isshowntheobserved
and simulated (using Taylor and Hanna parameterizations in
LAMBDAmodel)lateraldispersionparameter.AnalyzingFigure3,it
can be seen that the LAMBDA model using Taylor turbulence
parameterizationsimulatesbetter theobserved lateraldispersion
parameter than Hanna turbulence approach. It is important to
notethatthepeakconcentrations (simulatedandobserved)used
inthepresentanalysiswerecalculatedfromthelateraldispersion
parameters (simulated and observed) using the ground–level
cross–windintegratedconcentration(Degrazia,1998;Arya,1999).

Figure 1. Scatter diagram between observed and predicted peak








 NMSE R FA2 FB FS
Taylorparameterization 0.08 0.940 0.87 0.074 Ͳ0.109





Figure 2. Scatter diagram between observed and predicted peak concenͲ
trationsforthePrairieGrassdataset(HannaTurbulenceParameterization).




Table 3. Statistical indexes for peak concentrations for the Copenhagen
experimentusingbothparameterizations
 NMSE R FA2 FB FS
Taylorparameterization 0.48 0.944 0.940 Ͳ0.401 Ͳ0.167








The Copenhagen experiment was carried out in northern
Copenhagen. The pollutant (SF6)was releasedwithout buoyancy
froma towerataheightof115mandcollectedatground–level
positions in up to three crosswind arcs of tracer sampling units.
The sampling units were positioned 2–6 km from the point of
release.Thesitewasmainlyresidentialwitharoughnesslengthof
0.6m.Alltheavailabledatawereusedtocreatetheinputforthe
simulations. The profiles of wind standard deviations and the
LagrangiantimescaleswerecalculatedaccordingtotheEquations
(11), (13) and (14) (Taylor Turbulence Parameterization) and the
Equations (20)–(33) (Hanna Turbulence Parameterization).Wind
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
whereU(10) is thewind speed at 10m andU(115) is thewind
speedat115m.The formulation for thewind speedasgivenby
the Equations(38)and(39)followsapower–law.Thepower–law
profiledoesnothaveasoundtheoreticalbasis,butitcanprovidea
reasonable fit to the observedwind speed profiles in the lower
part of the PBL over a wide range of surface roughness and
stabilityconditions(Arya,1999).





the Lagrangian stochastic model using Taylor turbulence
parameterizationreproduceverywelltheobservedconcentrations
measured in the Copenhagen experiment. Furthermore, all
statistical indexes point out that the Taylor turbulence parameͲ
terization when compared with the Hanna parameterization








and 4.2, we conclude that Taylor turbulence parameterization
describesadequatelytheturbulentdispersionprocessinaPBL.The
Copenhagen experiments provide directly the observed lateral
dispersionparameters (GryningandLyck,1984).Table4 showsa
comparison between simulated (using Hanna and Taylor
turbulence parameterization) and observed lateral dispersion
parameters for Copenhagen experiments. The comparison
employing the statistical indexes shows that Taylor parameͲ
terization gives simulated values for the lateral dispersion









Table 4. Statistical indexes for lateral dispersion parameters for the
Copenhagenexperimentusingbothparameterizations
 NMSE R FA2 FB FS
Taylorparameterization 0.08 0.84 1.00 Ͳ0.056 Ͳ0.161
Hannaparameterization 0.16 0.81 0.90 0.333 0.074

5. Uncertainty Estimates Using Taylor and Hanna
TurbulenceParameterization







employingTaylorandHannaparameterizationutilizing 0.4vV  u




uncertain values of vV  the Prairie Grass ground–level peak
concentrations are still reasonably well reproduced. Differently,
such figures point out that using Hanna turbulence
parameterization containing the extremeuncertain valuesof vV 
the Prairie Grass ground–level concentration are poorly
reproduced.On the other hand, Figures 10–13 show that these
extremevaluesof vV ,when substituted in theHanna turbulence
approach, reproduce better the Copenhagen observed peak
concentrationsonlywhen 0.4vV  u[Equation(20)].

All theempirical constants shown in thispapermusthave±
uncertaintiesof20%ormore,andparameters liketheconvective
boundary layer height are also similarly uncertain. It is possible
that eithermodelmatches themeasurementswhen reasonable
uncertaintyestimatesareincludedintheinputsrequiredforeither
calculation approach. However,when base values of the Hanna
and Taylor turbulence parameterization are used in LAMBDA
Model, the comparison between Taylor and Hanna approach


























































diffusion theory, in which the shear–buoyancy PBL spectra are
describedbymeansofalinearcombinationoftheconvectiveand
mechanical turbulent energy. This turbulent parameterization
generates continuous values of the different variables in all
elevations and in all stability conditions in the PBL. Hanna




schemes (Taylor and Hanna), employing scatter diagram and
statistical indexes obtained of predicted ground–level peak
concentrations and observed ground–level peak concentrations,
show that Taylor turbulence parameterization provides better
results than those generated by the Hanna’s parameterization
scheme. Furthermore, the lateral dispersion of contaminants









theenergy–containingeddies in thePBL (smoothandcontinuous
functionsintheverticaldirection).Differently,Hanna’sturbulence
scheme provides non continuous values for the turbulent
quantities (ill–defined functions in the vertical direction). Such
differentmathematical representationsyield indistinct simulated
concentrations. As a consequence, the turbulent parameters
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